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Hybrid  CoxNii_x(OH)2  nanosheets  have  been  successfully  synthesized  via  a  facile  microwave-assisted 
synthetic  route.  The  size  of  CoxNii_x(OH)2  nanosheets  decreases  with  the  increase  of  nickel  amount; 
however,  the  layered  crystal  structure  can  be  maintained  at  any  ratios  of  Co:Ni  due  to  the  chemical  and 
physical  similarities  between  these  two  elements.  The  lattice  spacing  of  the  hexagonal  nanosheets  can  be 
slightly  varied  by  adjusting  the  ratios  of  Co:Ni.  The  hybrid  Coo.2Nio.s(OH)2  hexagonal  nanosheets  deliver  a 
high  capacity  of  above  1170  F  g-1  at  a  current  density  of  4  A  g-1.  The  higher  specific  capacitance  of 
Coo.2Nio.8(OH)2  nanosheets  than  their  monometallic  counterpart  could  be  attributed  to  the  enhancement 
of  the  electro-active  sites  participated  in  the  redox  reaction  due  to  the  possible  valence  interchange  or 
charge  hopping  between  Co  and  Ni  cations.  These  results  indicate  the  importance  of  layered  hydroxide 
nanosheets  with  tuned  transition-metal  composition  for  high-performance  energy  storage  devices. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Many  important  and  challenging  research  areas  have  the  po¬ 
tential  to  significantly  affect  our  future  energy  needs.  For  example, 
energy  efficiency,  the  integration  of  energy  sources  with  electricity 
transmission,  and  energy  storage  are  of  vital  significance,  but  it 
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remains  a  sophisticated  challenge  to  improve  the  energy  transfer 
efficiency  [1—3].  Electrochemical  capacitors  (ECs),  also  known  as 
pseudocapacitors  or  supercapacitors  (SCs),  have  received  great 
attention  for  potential  applications  in  electric  vehicles  and  hybrid 
electric  vehicles  because  of  their  ability  to  store  energy,  meanwhile 
with  the  advantage  of  delivering  the  stored  energy  much  more 
rapidly  than  batteries,  namely  power  density  [4-6].  However,  to 
become  primary  devices  for  power  supply,  supercapacitors  must  be 
developed  further  to  improve  their  abilities  to  deliver  high  energy 
and  power  simultaneously.  In  this  concern,  many  efforts  have  been 
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devoted  to  the  investigation  of  pseudocapacitive  transition-metal- 
based  oxides  or  hydroxides,  such  as  Mn02  7,8],  NiO  [9  ,  C03O4 
[10,11  ,  Co(OH)2  [12,13],  Ni(OH)2  [14],  and  mixed  metal  oxides  such 
as  NiCo204  15—17],  because  they  can  produce  much  higher  specific 
capacitances  than  typical  carbon-based  electric  double-layer  ca¬ 
pacitors  and  electronically  conducting  polymers. 

Among  these  composite  materials,  Co-Ni  hydroxides  have 
drawn  increasing  attention  because  the  introduction  of  cobalt  can 
not  only  reduce  the  resistance  of  the  electrode  and  raise  the  oxygen 
overpotential,  but  also  participate  in  the  electrochemical  redox 
reaction  [18,19].  Particularly,  layered  transition-metal  hydroxides 
with  large  interlayer  spacing  display  desirable  electrochemical  ac¬ 
tivity  derived  from  their  redox  nature  and  better  accessibility  for 
the  reaction  species  [20  .  The  similarities  between  Ni  and  Co  offer 
opportunities  to  yield  hybrid  materials  by  the  widely  applied 
technological  doping  strategy.  If  Ni  and  Co  are  co-incorporated  in 
the  host  layer,  an  improved  capacity  and  cycling  stability  may  be 
expected  in  comparison  with  monometallic  hydroxides,  which 
therefore  offer  an  effective  way  to  achieve  high  electrochemical 
performance. 

Various  synthetic  approaches  have  been  adopted  or  improved 
for  preparing  Co(OH)2  and  Ni(OH)2  nanomaterials,  such  as  sono- 
chemical  [21],  solvothermal  [22,23],  and  hydrothermal  process 
[24,25].  Among  these  strategies,  the  microwave-assisted  route  is  a 
fast,  simple,  and  effective  method  for  synthesis  of  transition  metal 
hydroxides  due  to  its  clean,  cheap,  and  efficient  heating  26-28]. 
Here  we  describe  a  facile  and  reliable  microwave-assisted  route  for 
the  production  of  high-quality  Co-Ni  hydroxide  nanosheets  with  a 
tunable  composition.  The  total  reaction  duration  was  only  3  min. 
The  hybrid  Co-Ni  hydroxides  possess  almost  unchanged  crystal 
structural  feature.  Significantly,  electrochemical  characterizations 
reveal  that  bimetallic  Co-Ni  hydroxide  nanosheets  exhibit  a  high 
specific  capacitance  and  excellent  cycling  stability,  which  may 
enable  their  practical  applications  as  active  electrode  materials  in 
energy  storage  devices. 

2.  Experimental 

2.1.  Synthesis  of  Co-Ni  hydroxide  nanosheets 

Co(N03)2  nH20  and  NiCl2-6H20  from  Sigma-Aldrich  Co.  LLC. 
are  of  analytical  grade  and  used  as  starting  materials  without 
further  purification.  In  a  typical  synthesis  procedure,  1  mmol  of 
Co(N03)2  nH20  was  dissolved  in  20  mL  deionized  water,  and  then 
1  mL  of  NH4OH  (28.0-30.0%  NH3  basis)  was  added  dropwise  under 
continuous  stirring.  The  cluster  formed  and  the  mixture  was 
transferred  into  a  45  mL  vessel  and  sealed  in  a  Parr  4848  autoclave. 
The  autoclave  was  heated  by  a  microwave  oven  (Panasonic,  NN- 
SN778S,  2.45  GHz,  maximum  power  1250  W)  with  40%  of  the 
maximum  power  of  1250  W  for  3  min.  After  the  reaction,  the 
autoclave  was  cooled  down  to  room  temperature  naturally.  The 
resulting  precipitate  was  collected  and  washed  with  absolute 
ethanol  and  de-ionized  water  in  sequence  for  several  times.  The 
products  were  dried  in  a  vacuum  oven  at  60  °C  overnight.  Subse¬ 
quently,  designed  amount  of  NiCl2  •  6H20  was  added  and  the  con¬ 
centration  of  metal  ions  was  kept  the  same.  The  hybrid 
CoxNii_x(OH)2  nanosheets  were  prepared  under  the  same 
condition. 

2.2.  Characterization 

The  phase  and  structure  of  the  obtained  products  were  deter¬ 
mined  on  a  Rigaku  MiniFlex  II  X-ray  powder  diffractometer  (XRD) 
with  Cu  Ka  radiation  (A  =  1.5418  A).  The  operation  voltage  and 
current  were  kept  at  40  kV  and  30  mA,  respectively.  The  size, 


morphology  and  lattice  parameters  were  determined  by  Hitachi  H- 
7650  transmission  electron  microscope  (TEM),  JEOL-2010  and  FEI 
high  resolution  transmission  electron  microscope  (HRTEM); 
Energy-dispersive  X-ray  spectroscopy  (EDS)  was  taken  on  TEM. 

2.3.  Electrochemical  test 

The  electrochemical  performance  was  evaluated  by  galvano- 
static  charge/discharge  cycling  on  LAND  CT2001A  multi-channel 
battery  testing  system  at  room  temperature  using  a  three  elec¬ 
trode  cell  with  1  M  KOH  as  the  electrolyte,  Ag/AgCl  electrode  as 
reference  electrode,  and  platinum  foil  as  counter  electrode, 
respectively.  For  the  preparation  of  the  working  electrode,  70  wt% 
of  active  materials,  20  wt%  of  carbon  black,  and  10  wt%  of  poly- 
vinylidene  fluorides  (PVDF)  were  mixed  in  N-methyl-2-pyrrolidi- 
none  (NMP).  The  obtained  slurry  was  cast  onto  nickel  foam  and 
dried  in  a  vacuum  oven  at  80  °C  for  12  h  to  remove  the  solvent. 
Specific  capacitance  could  be  calculated  from  the  galvanostatic 
charge  and  discharge  curves,  using  the  following  equation:  C  =  /At/ 
mAV,  where  I  is  charge  or  discharge  current,  At  is  the  time  for  a  full 
charge  or  discharge,  m  indicates  the  mass  of  the  active  material,  and 
AV  represents  the  voltage  window  in  a  full  charge-discharge 
process.  The  electrode  loading  amount  is  around  2.0  mg  cm-2.  The 
cyclic  voltammetry  (CV)  curves  of  as-prepared  samples  were  ob¬ 
tained  by  a  VersaSTAT  4  with  a  scan  rate  of  10  mV  s_1. 

3.  Results  and  discussion 

Typical  transmission  electron  microscopy  (TEM)  image  shown 
in  Fig.  1A  indicates  that  well  defined  hexagonal  nanosheets 
(Coo.2Nio.8(OH)2)  can  be  successfully  obtained  on  a  large  scale  via 
the  microwave-assisted  route.  As  shown  in  Fig.  1 B,  the  diameter  of 
uniform  hexagonal  nanosheets  can  be  determined  to  be  100- 
150  nm.  The  thickness  of  a  single  nanosheet  can  be  calculated  to  be 
around  15.6  nm  in  Fig.  1C.  Fig.  ID  is  a  typical  HRTEM  image  obtained 
on  an  individual  Co0.2Nio.8(OH)2  nanosheet,  indicating  that  the 
nanosheet  is  structurally  uniform  with  an  interlayer  spacing  of 
about  0.234  nm,  which  corresponds  to  the  (101)  lattice  plane.  The 
inset  Fast  Fourier  Transform  (FFT)  image  of  select  area  also  confirms 
the  good  crystallinity  of  the  hexagonal  nanosheet.  It  is  noteworthy 
that  the  size  of  final  hexagonal  nanosheets  decreases  with  the  in¬ 
crease  amount  of  nickel  as  shown  in  Figure  S1A-D.  The  average 
diameters  of  Co(OH)2  and  Coo.sNio.2(OH)2  nanosheets  are  about 
1  pm  and  400  nm,  respectively.  However,  the  average  width  of  the 
nanosheets  became  comparable  with  each  other  with  the  amount 
of  nickel  above  20%,  which  was  measured  to  be  200  and  160  nm  for 
Coo.5Ni0.5(OH)2  and  Ni(OH)2  nanosheets,  respectively.  It  should  be 
pointed  out  that  there  are  small  particles  in  the  products  when  the 
amount  of  cobalt  precursor  is  over  50%.  For  the  pure  Co(OH)2,  the 
particles  in  the  products  were  also  demonstrated  to  be  single 
Co(OH)2  crystal  as  shown  in  Figure  S3.  The  HRTEM  images  of  Co-Ni 
hydroxide  nanosheet  with  different  Co:Ni  ratio  were  shown  in 
Figure  S1E-H.  Interestingly,  the  interplanar  spacing  study  dem¬ 
onstrates  that  the  increase  of  cobalt  in  products  will  consecutively 
enlarge  the  d-spacing  of  (101)  lattice  plane,  which  is  in  good 
agreement  with  the  X-ray  diffraction  (XRD)  results. 

XRD  was  also  carried  out  to  determine  the  structure  and  crys¬ 
tallinity  of  the  as-prepared  products.  Fig.  2A  shows  typical  XRD 
pattern  of  as-obtained  products  with  different  Co:Ni  ratios.  All 
diffraction  peaks  in  the  XRD  pattern  can  be  indexed  as  the  hexag¬ 
onal  Co-Ni  hydroxides  (space  group:  P3_ml  (No.  164)).  No  other 
peak  was  observed,  indicating  the  high  purity  of  Co-Ni  hydroxide. 
Careful  observation  shows  that  the  peaks  shift  a  little  bit  to  the  high 
angle  with  the  increase  amount  of  nickel.  The  strongest  diffraction 
peak  which  corresponds  to  the  (101)  lattice  plane  was  chosen  to 
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Fig.  1.  Typical  TEM  images  of  as-prepared  Coo.2Nio.s(OH)2  hexagonal  nanosheets  at  (A)  low;  (B)  middle;  (C)  high  magnification;  and  (D)  HRTEM  image.  Inset  in  (D)  is  FFT  image  of 
selected  area. 


calculate  the  d-spacing  of  (101).  The  calculated  d-spacing  of  (101) 
from  HRTEM  and  XRD  is  listed  in  Fig.  2B  and  Table  SI.  The  both 
physical  and  chemical  similarities  of  Co  and  Ni  enable  the  structural 
compatibility.  There  is  only  slight  differences  between  the  samples 
with  different  ratios  of  Co:Ni.  For  the  counterpart,  the  d-spacings  of 
(101)  lattice  plane  for  both  Co(OH)2  and  Ni(OH)2  are  close  to  the 
theoretical  values  in  standard  PDF  files.  The  hybrid  Co-Ni  hy¬ 
droxides  display  linearly  increasing  feature  in  d-spacings  of  (101) 
with  the  increase  amount  of  cobalt,  which  could  provide  an  evi¬ 
dence  for  the  rational  design  of  hybrid  transition  metal  oxide  or 
hydroxide  materials. 

The  elemental  maps  of  an  individual  Coo.5Nio.s(OH)2  nanosheet 
are  displayed  in  Fig.  3,  which  clearly  demonstrates  a  homogeneous 
distribution  of  Co,  Ni,  and  O  elements.  The  line-scan  analysis  in 
Figure  S2  reveals  the  profile  of  Co  and  Ni  atoms  across  the  radial 
direction,  indicating  an  apparent  layered  nature.  Only  Co,  Ni,  and  O 


elements  were  detected  and  the  molar  ratio  of  Co:Ni:0  is  about 
13.6:11.7:74.6  (or  1.16:1:6.4),  which  is  slightly  different  from  the 
theoretical  element  concentration  ratio  of  1 :1 :4  calculated  from  the 
chemical  formula.  It  could  be  ascribed  to  the  absorbed  oxygen 
species  on  the  surface  of  nanosheets.  These  results  further  confirm 
that  Co  and  Ni  were  indeed  incorporated  into  the  host  layer  of 
hydroxide  nanosheet  without  segregation. 

The  electrochemical  properties  of  as-obtained  CoxNii_x(OH)2 
(x  =  0,  0.2,  0.5,  0.8,  1.0)  nanosheets  were  investigated  by  cyclic 
voltammetry  (CV)  and  galvanic  charge-discharge  (CD)  in  a  three- 
electrode  cell  with  a  Ag/AgCl  reference  electrode  and  1  M  KOH 
aqueous  electrolyte.  Fig.  4A  shows  typical  CV  curves  at  a  scan  rate  of 
10  mV  s-1.  The  high  voltage  edge  was  tuned  a  little  bit  to  avoid  the 
serious  electrolysis  reaction  of  H20.  The  redox  current  peaks  could 
be  explicitly  observed,  which  can  be  attributed  to  a  combined  effect 
of  the  following  redox  reactions  derived  from  transition-metal 


Fig.  2.  (A)  XRD  pattern  of  CoxNii_x(OH)2  nanosheets;  (B)  d-spacing  of  (101)  lattice  plane  indicated  from  XRD  and  HRTEM.  A  and  v  are  theoretical  d-spacing  of  Ni(OH)2  (JCPDS  14- 
0117)  and  Co(OH)2  (JCPDS  45-0031)  calculated  from  standard  PDF  files,  respectively. 
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Fig.  3.  (A)  TEM  image  of  an  individual  Coo.5Ni0.5(OH)2  nanosheet  and  the  scale  bar  is  50  nm;  EDS  elemental  maps  taken  from  the  same  area  are  (B)  Co,  (C)  Ni,  and  (D)  0,  respectively. 


Fig.  4.  Electrochemical  performances  of  Co-Ni  hydroxide  nanosheets  with  different  Co-Ni  composition:  (A)  CV  curves  at  a  scan  rate  of  10  mV  s-1;  (B)  specific  capacitance  of 
nanosheets  at  a  charge  and  discharge  current  density  of  1  A  g-1;  (C)  rate  performance  at  different  current  densities;  (D)  specific  capacitance  of  the  CoxNii_x(OH)2  nanosheets  as  a 
function  of  composition  at  different  current  densities. 
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hydroxides:  Co(OH)2  +  OH  <-►  CoOOH  +  H20  +  e  and 
Ni(OH)2  +  OH”  <-►  NiOOH  +  H20  +  e“  respectively  [29-33].  The 
anodic  and  cathodic  sweeping  indicates  that  the  oxidation  and  the 
reduction  peaks  at  188  mV  and  375  mV  for  monometallic  Ni(OH)2 
nanosheets  shift  to  110  mV  and  280  mV  for  monometallic  Co(OH)2 
nanosheets,  respectively,  due  to  the  lower  redox  potential  of 
Co(OH)2/CoOOH  couple.  For  the  CV  profiles  of  Co(OH)2  and 
Coo.8Nio.2(OH)2,  not  obvious  anodic  or  cathodic  shift  was  observed. 
On  the  other  hand,  it  should  be  pointed  out  that  the  oxidation  and 
the  reduction  peaks  are  gradually  enhanced  and  shifted  to  a  higher 
potential  with  the  increase  of  Ni  content  in  the  bimetallic  CoxNii_x 
(x  =  0.8, 0.5, 0.2)  host  slabs.  The  highest  redox  current  was  observed 
for  Coo.2Nio.8(OH)2  nanosheets,  indicating  the  feasibility  of  ratio¬ 
nally  tuning  the  Co:Ni  ratio  for  optimizing  electrochemical 
performance. 

Fig.  4B  shows  the  typical  charge-discharge  curves  of  Cox_ 
Nii_x(OH)2  nanosheets  at  a  galvanic  current  density  of  1  A  g-1.  The 
specific  capacitances  are  approximate  909,  1017,  1091,  1840,  and 
1673  F  g'1  for  Co(OH)2,  Coo.8Nio.2(OH)2,  Co0.5Nio.5(OH)2,  Co0.2N- 
io.8(OH)2,  and  Ni(OH)2  nanosheets,  respectively.  Interestingly,  the 
specific  capacitances  of  Co-Ni  hydroxides  nanosheets  generally 
increase  with  the  increase  of  nickel  amount.  The  highest  capaci¬ 
tance  appears  at  the  Co:Ni  ratio  of  0.2:0.8.  Consistent  with  the  CV 
profiles,  Coo.2Nio.s(OH)2  nanosheets  possess  the  highest  specific 
capacitance,  which  may  be  attributed  to  the  enhancement  of  the 
electro-active  sites  participated  in  the  redox  reaction  due  to 
possible  valence  interchange  or  charge  hopping  between  Co  and  Ni 
cations  [19,34].  On  the  other  hand,  the  thin  layered  feature  and 
large  interlamellar  spacing  also  provide  more  reaction  sites  and 
facilitate  the  ion  transfer.  Fig.  4C  and  D  shows  the  rate  performance 
of  as-products  at  different  current  densities.  Generally,  the  capac¬ 
itance  of  the  five  samples  is  increasing  when  the  initial  current 
density  was  set  as  1  A  g-1  for  the  first  50  cycles.  Then  they  platform 
when  the  current  density  was  increased  to  2  and  4  A  g_1  in  the 
following  cycles.  For  the  monometallic  Co(OH)2  nanosheets,  the 
large  size  might  be  another  factor  for  its  low  capacity.  The  hybrid 
Coo.2Nio.8(OH)2  hexagonal  nanosheets  deliver  the  highest  capacity 
of  1240  F  g_1  among  the  five  at  a  current  density  of  4  A  g1.  No 
obvious  decrease  in  capacity  was  observed  for  all  of  the  samples. 
After  the  current  density  was  reset  to  1  A  g-1,  the  capacity  can 
rebound  to  a  higher  level  and  become  relatively  stable  with  the 
increase  of  cycles.  From  Fig.  4D,  it  can  be  easily  identified  that  the 
Coo.2Nio.8(OH)2  is  an  optimal  composition  with  the  best  perfor¬ 
mance.  Then  the  cycling  performance  of  Coo.2Nio.s(OH)2  nano¬ 
sheets  was  further  investigated.  As  shown  in  Figure  S4,  the  cycling 
response  with  a  steplike  profile  at  successive  rates  can  be  evidently 
observed.  Together  with  the  increase  of  discharging  current  rates, 
the  average  capacitance  of  Coo.2Nio.s(OH)2  nanosheets  can  be 
measured  around  1400  F  g_1  (at  2  A  g_1),  1170  F  g_1  (4  A  g_1),  and 
988  F  g1  (8  A  g1),  respectively.  The  Coulombic  efficiency  could  be 
maintained  above  95%  except  for  those  at  the  current  changing 
points  and  the  retention  of  capacity  in  the  cycling  at  each  current 
density  can  be  determined  over  94%.  Such  high  cycling  capacity  and 
high  rate  capability  enable  them  to  be  potential  active  materials  for 
supercapacitors  in  next-generation  energy  storage  field.  Taking 
advantage  of  their  tunable  compositions  and  thin  sheet  feature,  the 
hybrid  Co-Ni  hydroxide  nanosheets  show  promising  applications 
for  the  development  of  high-performance  energy  storage  devices 
and  may  provide  certain  clue  for  improving  the  electrochemical 
performance  by  a  simple  doping  strategy. 

4.  Conclusion 

In  summary,  a  facile  microwave-assisted  strategy  was  success¬ 
fully  developed  for  the  preparation  of  hybrid  Co-Ni  hydroxide 


nanosheets  with  controllable  transition-metal  composition.  The 
lattice  spacing  of  the  Co-Ni  hydroxide  nanosheets  can  be  slightly 
tuned  by  changing  the  metal  ratio  of  Co:  Ni  in  the  final  products.  The 
electrochemical  studies  revealed  that  hybrid  hydroxide  nanosheets 
exhibit  a  high  specific  capacity  and  excellent  cycling  stability,  and 
can  be  used  as  promising  candidate  for  the  application  in  a  high- 
performance  supercapacitor.  The  present  facile  microwave- 
assisted  route  for  the  synthesis  of  Co-Ni  hydroxides  is  expected 
to  be  applied  to  other  transition-metal  hydroxides  and  oxides  as 
well.  Moreover,  the  optimization  of  electrochemical  properties  by 
changing  the  composition  in  the  final  products  could  be  a  very 
useful  strategy  in  improving  the  electrochemical  performances, 
which  could  provide  further  insights  in  the  material  design. 
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